Th e objective of this study was to investigate the eff ects of inoculum concentration, plant post-inoculation incubation temperature and exogenous hydrogen peroxide (H 2 O 2 ) on the induction of the hypersensitive response (HR) in Nicotiana tabacum against Xanthomonas perforans. Inoculation of leaves with X. perforans at a concentration of 10 8 CFU · ml -1 and incubation of plants at 30°C resulted in the strongest HR elicitation. Furthermore, an exogenous supply of H 2 O 2 accelerated X. perforans-induced HR, whereas in planta H 2 O 2 removal by application of catalase led to a delay in HR development. Our data suggest that H 2 O 2 has an important role in HR of N. tabacum against X. perforans.
Plants are constantly exposed to various biotic and abiotic stresses during their life cycle. Among biotic challenges, diseases caused by fungi, bacteria, viruses and nematodes result in serious yield losses worldwide. In general, only a few pathogens have the ability to cause disease in a certain plant species. Th e resistance exhibited by an entire plant species to all genetic variants of a non-adapted pathogen species is referred to as non--host resistance. It is a durable and broad-spectrum resistance against numerous pathogens (Fan and Doerner 2012; Senthil-Kumar and Mysore 2013) . Non-host resistance usually leads to the induction of the hypersensitive response (HR) at the infection site (Senthil--Kumar and Mysore 2013) . Th e HR as the induction of quick necrotic lesions within 24-48 h aft er inoculation of tobacco leaves by incompatible plant pathogenic bacteria was fi rst reported almost 50 years ago (Klement et al. 1964) . Cell death rapidly encloses the site of infection and makes it almost impossible to develop biotrophic pathogens. One of the earliest responses of plants to pathogen invasion is the production of reactive oxygen species (ROS) including singlet oxygen (Bolwell and Daudi 2009) . Reactive oxygen species can restrict the pathogen through various mechanisms such as a direct eff ect on the invading pathogen (Levine et al. 1994) , strengthening cell walls via oxidative cross-linking (Bradley et al. 1992) , induction of systemic acquired resistance (Alvarez et al. 1998) and HR (Lamb and Dixon 1997) . Accumulation of ROS in several non-host pathosystems such as barley/Blumeria graminis f. sp. tritici (Hückelhoven et al. 2001) , cowpea/Erysiphe cichoracearum (Mellersh et al. 2002) and pepper/Blumeria graminis f. sp. tritici (Hao et al. 2011 ) has been reported. On the other hand, plants employ scavenging enzymes such as superoxide dismutase, ascorbate peroxidase and catalase for ROS detoxification (Mittler et al. 2004) . The induction of scavenging enzymes in a number of non-host interactions such as pepper/Xanthomonas campestris pv. campestris (Kwak et al. 2009 ), broad bean/Puccinia striiformis f. sp. tritici (Cheng et al. 2012) , bean/X. hortorum pv. pelargonii (Safaie Farahani and Taghavi 2015) and mung bean/X. hortorum pv. pelargonii (Safaie Farahani and Taghavi 2016) has been demonstrated. Xanthomonas perforans is the causal agent of bacterial spot of tomato, an important disease worldwide (Jones et al. 2004) . Optimum experimental situations and the role of ROS in non-host resistance of Nicotiana tabacum against X. perforans remain unclear. Th e goal of this study was to examine the role of temperature, bacterial populations and exogenous hydrogen peroxide in X. perforans-induced HR on tobacco leaves.
Xanthomonas perforans Tom801 (Osdaghi et al. 2016 ) was used in this study. To determine the role of bacterial populations and plant post-inoculation incubation temperature during X. perforans-induced HR, the inoculum at three concentrations (10 6 CFU · ml -1 ; 10 7 CFU · ml -1 or 10 8 CFU · ml -1 ) of bacterial suspension was separately infi ltrated in fully expanded leaves of eight-week-old N. tabacum plants by needleless syringes. Following infi ltration, the plants were incubated at 20°C, 25°C or 30°C. Th e percentage of leaves showing HR symptoms were recorded at 48 hours post inoculation (hpi). Twelve leaves from three plants were used for each treatment. To investigate the effects of H 2 O 2 exogenous application on X. perforans--induced HR, the pathogen inoculum at a concentration of 10 8 CFU · ml -1 was infi ltrated in fully expanded leaves. Aft erwards, H 2 O 2 at a concentration of 0.1 mM was sprayed twice (to maintain the high concentration of H 2 O 2 ) to the inoculated leaf area at 4/6, 6/8 and 8/10 hpi. Control plants were treated with water instead of H 2 O 2 . The plants were incubated at 30°C. Necrosis symptoms were checked at 12 and 24 hpi. Fifteen leaves from four plants were used for each treatment. To remove in planta H 2 O 2 , an exogenous catalase was used. First, a bacterial suspension at a concentration of 10 8 CFU · ml -1 was infiltrated in fully expanded leaves. In the next step, the catalase at a concentration of 2,000 U · ml -1 was infi ltrated twice to the inoculated leaf area at 4/6, 6/8 and 8/10 hpi. Th e plants were incubated at 30°C. Hypersensitive response symptoms were recorded at 24 and 48 hpi. Fift een leaves from four plants were used for each treatment.
Th e optimal inoculum concentration and plant post-inoculation incubation temperature for X. perforans-induced HR were determined in this study. A high concentration of bacterial inoculum (10 8 CFU · · ml -1 ) led to more induction of the HR than lower concentrations (10 6 CFU · ml -1 and 10 7 CFU · ml -1
). Additionally, the plants that were incubated at 30°C showed more induction of the HR than those which were kept at 20°C and 25°C. Interaction of bacterial populations and temperature was also eff ective in HR induction. Th e greatest induction of the HR was found at 10 8 CFU · · ml -1 /30°C. On the other hand, no HR symptoms were observed at 10 6 CFU · ml -1 /20°C (Table 1) . Th ere are several reports indicating diff erent eff ects of inoculum concentration and plant post-inoculation incubation temperature on HR induction and non-host resistance (Jahnen and Hahlbrock 1988; Budde and Ullrich 2000; Li et al. 2015) . Th is suggests that the role of these factors might depend on plant species, pathogen and their interaction. However, how the bacterial populations and temperature aff ect X. perforans-induced HR is still worth studying. Exogenous application of H 2 O 2 led to faster and greater induction of the HR than the control. Furthermore, earlier exogenous H 2 O 2 application (4/6 hpi) resulted in more HR elicitation than other H 2 O 2 treatments (6/8 hpi and 8/10 hpi) at 12 hpi. Th ere was no diff erence in terms of HR symptoms between the Table 2 ). The leaves treated with catalase showed fewer HR symptoms than the control at 24 and 48 hpi. In addition, earlier catalase application (4/6 hpi) led to a greater reduction in HR induction than other catalase treatments (6/8 hpi and 8/10 hpi) at 24 and 48 hpi (Table 3) . Our results are in agreement with a previous study by Li et al. (2015) that showed that an exogenous supply of H 2 O 2 accele rates Xanthomonas oryzae pv. oryzae-induced HR in N. benthamiana. A link between ROS and HR during non-host resistance has been reported in lettuce-Pseudomonas syringae pv. phaseolicola (Bestwick et al. 1997 ) and tobacco-Xanthomonas campestris pv. vesicatoria pathosystems (Zurbriggen et al. 2009 ). Yoda et al. (2003) revealed that HR induction in tobacco plants inoculated with tobacco mosaic virus is through hydrogen peroxide produced by polyamine degradation. In conclusion, the results of this study demonstrated that HR induction in N. tabacum against X. perforans is aff ected by the inoculum concentration and the temperature of plant incubation post-inoculation. Additionally, faster and stronger HR elicitation by exogenous application of H 2 O 2 confi rmed the role of ROS in HR development. Reduction and delay in HR induction aft er exogenously supplied catalase also indicate the correlation between ROS accumulation and HR development. hpi -hours post-inoculation
